Adult skeletal muscle generates force in a controlled and directed manner through the contraction of highly specialized, postmitotic, multinucleated myofibers. Lifelong muscle function relies on maintenance and regeneration of myofibers through a highly regulated process beginning with activation of normally quiescent muscle precursor cells and proceeding with formation of proliferating progenitors that fuse to generate differentiated myofibers. In this review, we describe the historical basis and current evidence for the identification of satellite cells as adult muscle stem cells, critically evaluate contributions of other cells to adult myogenesis, and summarize existing data regarding the origins, genetic markers, and molecular regulation of satellite cells in normal, diseased, and aged muscle.
genic precursor cells, and that these precursors ultimately derived from muscle satellite cells (Bischoff, 1975) . Furthermore, in vivo-labeled (Snow, 1978) , and clonally cultured in vitro-labeled (Lipton and Schultz, 1979) , satellite cells were shown to participate in the regeneration of damaged muscle when transplanted in vivo, contributing almost exclusively via fusion with pre-existing myofibers. Pulse-chase experiments using a single dose of tritiated thymidine to label dividing cells indicated that DNA synthesis among sublaminar nuclei was limited to satellite cell nuclei, and that true muscle nuclei do not undergo mitosis (Moss and Leblond, 1970) . Although these methods labeled satellite cells relatively infrequently, indicating the relative quiescence of satellite cells (Schultz et al., 1978) , in some cases DNA label from satellite cells marked during the pulse phase eventually appeared in myonuclei during the chase phase, demonstrating the capacity of at least some satellite cell progeny to incorporate into existing myofibers, even in the absence of acute tissue injury (Moss and Leblond, 1970) . Such studies formed the basis for our current view of muscle satellite cells as the primary mediators of postnatal muscle growth and repair. These cells respond to regenerative cues, such as injury or exercise, by proliferating to form myoblasts, which divide a limited number of times before terminally differentiating and fusing to form multinucleated myotubes (reviewed in Morgan and Partridge, 2003; Sloper and Partridge, 1980) (see Figure 1A) . The life-long regenerative capacity of satellite cells implies that they can be robustly and perpetually renewed while maintaining the ability to generate differentiated progeny and suggests that they may represent an adult stem cell population for skeletal muscle.
Stem cells are thought to exist in many adult tissues capable of regeneration and are defined by their unique capacity to both self-renew and differentiate. Adult stem cells have been best characterized in the mammalian blood-forming system, where clonogenic, multipotent hematopoietic stem cells (HSC) have been prospectively isolated from bone marrow and demonstrate at the single-cell level the capacity to regenerate the entire hematopoietic system (reviewed in Kondo et al., 2003) . While it is clear that satellite cells likewise contain unspecified precursor cells capable of extensive proliferation and differentiation to generate mature myofibers, to formally establish that they indeed function as adult stem cells, it will be necessary to demonstrate that individual cells within the satellite cell pool maintain both self-renewal and differentiation potential in vivo. Although this clonal analysis is still lacking, as outlined below, multiple lines of evidence from in vitro and in vivo studies do suggest that muscle stem cells are contained within at least a subset of satellite cells.
First, as noted above, satellite cell number and regenerative capacity normally remain nearly constant through multiple cycles of injury and repair, suggesting satellite cell self-renewal. In addition, studies of isolated single myofibers and primary satellite cells maintained in culture have revealed that some cultured sat- Taken together, these data strongly suggest that satellite cells represent self-renewing adult muscle stem cells and alone are sufficient for muscle repair. This conclusion likely will be strengthened by ongoing studies of the capacity for and regulation of satellite cell self-renewal, particularly those testing the continued regenerative potential of single or clonally marked satellite cells in serial transplantations. In summary, while under particular conditions some cells apparently distinct from satellite cells can contribute to muscle tissue, the preponderance of evidence indicates that the myogenic activity normally responsible for robust adult muscle regeneration is largely restricted to sublaminar CD34 + satellite cells. , 2000) . Therefore, heterotypic cell fusion between endogenous muscle cells and infiltrating blood cells may occur via mechanisms that normally allow the homotypic fusion of these cells in the context of tissue maintenance and repair. At present the molecular mediators, as well as the overall significance, of these rare events remain unclear. Future studies using coculture or transplantation models will be required to identify the secreted factors, cell-surface receptors, and signaling pathways involved in bloodcell/muscle-cell fusion. Knowledge of these mechanisms ultimately should allow experiments to block its occurrence and thereby test its physiologic importance. et al., 2003) . Therefore, it seems that Notch is the key age-related determinant of muscle regenerative potential.
Developmental Origins of Skeletal

Mechanisms of Bone Marrow Contribution to Skeletal
Prospective Isolation of Muscle Precursor Cells
Is the age-related decline in satellite cell regenerative potential intrinsic or dependent on the cell environment? In early muscle transplantation studies, small minced or intact muscle from young or old rodents was transplanted into either young or old muscle beds, and the ability of donor muscle pieces to regenerate in the middle of either young or old host limbs was examined. Amazingly, the efficiency of muscle regeneration was clearly determined in these experiments by the age of the host environment, rather than by the age of the muscle donor (Carlson and Faulkner, 1989; Zacks and Sheff, 1982) . In these important studies, the small transplanted muscle was physically isolated from the host satellite cells, revealing the effects of prevalent local and organismal environments on the regenerative potential of the donor satellite cells.
In more recent studies, the age of the systemic environment likewise dominated over the intrinsic age- The rejuvenation of aged stem and progenitor cells by the young extrinsic milieu, even in the presence of these age-related changes, suggests the intriguing possibility that the aging of organ stem cells might be regulated extrinsically and that the molecular changes underlying the loss of the tissue-regenerative potential with age can be reversed or overcome if the stem cell niche is young. Future identification of the relevant extrinsic age-related components will be instrumental for therapies aimed at enhancing the regenerative potential of organ stem cells in aged individuals.
Future Avenues and Perspectives
It is quite clear that endogenous skeletal muscle satellite cells associated with myofibers account for most, if not all, physiologic muscle-regenerative potential and likely represent muscle stem cells. Recent advances have allowed a more refined determination of their origin, position in the myogenic cell lineage, and molecular pathways regulating their function. Other avenues of muscle repair, e.g., by bone marrow-derived cells, may exist; however, unambiguous determination of the precise cell types and specific fusion and reprogramming mechanisms involved in this process will be needed in order to establish whether such cells form muscle tis-sue under physiologic conditions or can be used therapeutically. Current advances in our understanding of the cellular and molecular mechanisms regulating cellfate determination and tissue specification during adult muscle repair have indicated a remarkable conservation of developmentally regulated signal transduction pathways, and age-related analysis of these pathways indicates that at least some of them deteriorate in old muscle, causing ineffective tissue repair. The identification of age-related systemic factors that regulate the regenerative capacity of organ stem cells will improve our understanding of aging as a conserved biological process and will help to develop therapies for the enhancement of the regenerative potential often lost in old age or disease.
